Hansen EN, Tamboli RA, Isbell JM, Saliba J, Dunn JP, MarksShulman PA, Abumrad NN. Role of the foregut in the early improvement in glucose tolerance and insulin sensitivity following Roux-en-Y gastric bypass surgery. Am J Physiol Gastrointest Liver Physiol 300: G795-G802, 2011. First published March 3, 2011 doi:10.1152/ajpgi.00019.2011.-Bypass of the foregut following Roux-en-Y gastric bypass (RYGB) surgery results in altered nutrient absorption, which is proposed to underlie the improvement in glucose tolerance and insulin sensitivity. We conducted a prospective crossover study in which a mixed meal was delivered orally before RYGB (gastric) and both orally (jejunal) and by gastrostomy tube (gastric) postoperatively (1 and 6 wk) in nine subjects. Glucose, insulin, and incretin responses were measured, and whole-body insulin sensitivity was estimated with the insulin sensitivity index composite. RYGB resulted in an improved glucose, insulin, and glucagon-like peptide-1 (GLP-1) area under the curve (AUC) in the first 6 wk postoperatively (all P Յ 0.018); there was no effect of delivery route (all P Ն 0.632) or route ϫ time interaction (all P Ն 0.084). The glucose-dependent insulinotropic polypeptide (GIP) AUC was unchanged after RYGB (P ϭ 0.819); however, GIP levels peaked earlier after RYGB with jejunal delivery. The ratio of insulin AUC to GLP-1 and GIP AUC decreased after surgery (P ϭ.001 and 0.061, respectively) without an effect of delivery route over time (both P Ն 0.646). Insulin sensitivity improved post-RYGB (P ϭ 0.001) with no difference between the gastric and jejunal delivery of the mixed meal over time (P ϭ 0.819). These data suggest that exclusion of nutrients from the foregut with RYGB does not improve glucose tolerance or insulin sensitivity. However, changes in the foregut response post-RYGB due to lack of nutrient exposure cannot be excluded. Our findings suggest that foregut bypass may alter the incretin response by enhanced nutrient delivery to the hindgut.
THE IMPROVEMENT IN Type 2 diabetes that occurs in the first 2 yr after bariatric surgery is largely sustained in the longer-term but varies among procedures (3, 29) . Roux-en-Y gastric bypass (RYGB) surgery involves formation of a small gastric pouch that is anastomosed to the small intestine at a site that bypasses the duodenum and proximal jejunum. It is an established means to achieve marked and persistent weight loss, leading to reversal of insulin resistance (5, 21) and an ϳ80% remission rate of Type 2 diabetes (3). Adjustable gastric banding, a gastric restrictive procedure, improves Type 2 diabetes in ϳ55% of patients (3) . Rates of remission for both procedures are further dependent on the severity of the disease (28) . Although this differential effectiveness of bariatric procedures on Type 2 diabetes mirrors the greater weight loss achieved with RYGB (3), a body of evidence suggests that weight loss is not the sole determining factor. For example, Schauer et al. (28) reported that ϳ30% of patients with Type 2 diabetes (duration Ͻ10 yr) discontinued all antidiabetic medications after RYGB upon hospital discharge. Biochemical markers of Type 2 diabetes, such as elevated fasting glucose and insulin levels, are also strikingly improved in the days following surgery before substantial weight loss has occurred (16, 26 ). An improved postprandial glucose profile has also been reported 1 mo post-RYGB (7, 10, 11) .
Several lines of evidence attribute the early metabolic effects of RYGB to alterations resulting from bypass of the foregut (i.e., duodenum and proximal jejunum). RYGB is associated with a greater improvement in glucose tolerance and insulin responses than patients that undergo gastric banding (9, 24) . In animals, bypass of the duodenum and jejunum without gastric restriction has been shown to improve glucose tolerance and insulin resistance (25, 27) . Recent evidence is emerging, however, that counters the notion that bypass of the foregut is responsible for the improved glucose tolerance and insulin sensitivity after RYGB. Sleeve gastrectomy produces a similar rapid improvement in insulin resistance by partial stomach resection in the absence of foregut bypass (23) . Furthermore, Kindel et al. (8) found that duodenal-jejunal bypass without gastric restriction in high-fat-fed rats did not result in weight loss nor improve glucose tolerance or insulin sensitivity as assessed by a hyperinsulinemic-euglycemic clamp. Our recent data suggest that the improvement in insulin sensitivity following RYGB can be replicated with an equivalent caloric restriction (6) .
The major proposed mechanism whereby bypass of the foregut improves glucose tolerance is via an enhanced incretin response (1). The two major incretins, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), enhance glucose-dependent insulin release and exhibit beneficial glucoregulatory actions (22) . GLP-1 is primarily secreted from L cells concentrated in the ileum, and GIP is primarily secreted from K cells concentrated in the duodenum, although both incretins are detected throughout the intestine (18, 31) . A large increase in postprandial GLP-1 immediately after RYGB has been definitively described by us (6) and others (7, 10, 12, 17) , and is sustained in the long-term (2, 16, 32) . The effect of RYGB on GIP is less consistent (1) . The increase in GLP-1 levels 1 mo after RYGB coincides with an enhanced insulin response to enteral glucose and incretin effect (7, 10) . Such data have positioned the incretins as the primary mediator of immediate post-RYGB improvements in insulin sensitivity. The comparative absence of such changes with caloric restriction in the absence of altered intestinal anatomy (i.e., gastric banding and diet) (9, 11, 24) has placed further attention on the bypass of the foregut as the critical component of enhanced post-RYGB glucose metabolism. However, we have demonstrated that during the first postoperative week insulin secretion is diminished despite elevated GLP-1 levels (6).
Two prevailing schools of thought exist regarding how altering nutrient exposure to the gut contributes to the enhanced glucose tolerance and insulin sensitivity subsequent to RYGB: 1) exclusion of the foregut from nutrient exposure vs.
2) faster delivery of nutrients to the hindgut. These two theories have been studied in and supported by several animal studies (19, 20, 25, 27, 33) . The goal of the present study was to explore the role of foregut bypass on glucose tolerance, insulin sensitivity, and the incretin response in humans. To this end, we measured meal-stimulated glucose, insulin, incretin, and ghrelin levels in subjects before and after RYGB; the meal was administered orally preoperatively and both orally and via a gastrostomy tube postoperatively. The gastrostomy tube allowed nutrient delivery into the gastric remnant with nutrient transit via the foregut, simulating preoperative oral meal ingestion. On the other hand, the oral ingestion of nutrients following RYGB allowed delivery into the distal gastrointestinal tract bypassing most of the foregut.
MATERIALS AND METHODS
Subjects. The study protocol was approved by the Vanderbilt University Institutional Review Board and conformed to the standards of the Declaration of Helsinki. This study is registered with ClinicalTrials.gov, NCT00765596. All subjects provided written, informed consent to participate in the study and for the placement of the gastrostomy tube. Subjects were recruited from the Center for Surgical Weight Loss at Vanderbilt University Medical Center after approval for RYGB. Placement of the gastrostomy tube was determined by the surgeon for ease of delivery of nutrients in the postoperative period and for possible delivery of medications as needed in the immediate postoperative period. These criteria for gastrostomy tube placement were determined by each patient's surgeon prior to a patient being offered enrollment in the study. The average age of the subjects was 41 Ϯ 11 yr and included three men and six women. A preoperative clinical diagnosis of Type 2 diabetes by the referring primary care physician was present in five of the nine study participants, with an average duration between diagnosis and surgery of 3.7 Ϯ 4.7 yr. Preoperative antidiabetes medications for these subjects consisted of metformin alone; glimepiride alone; combination of metformin and pioglitazone; and combination of metformin, Humalog insulin, glipizide, and pioglitazone. Subjects were asked to discontinue antidiabetes medications for 3 days prior to the preoperative visit and the 6-wk postoperative study visit. After surgery, medications were discontinued for the duration of the patient's stay in the hospital per the surgeon's orders and were kept on hold until after the first week postoperative study visit. The average preoperative hemoglobin A1c for all nine subjects was 6.5 Ϯ 1.3%. Partial data on this subject population describing the effect of caloric restriction on the metabolic improvements in the first week after RYGB were previously published (6) .
Study protocol. Subjects were studied preoperatively and again in the early postoperative period during the first week (4 Ϯ 1.4 days, range 2-6 days) and at 6 wk (41 Ϯ 3.5 days, range 34 -44 days). For each study visit, subjects were admitted to the Vanderbilt Clinical Research Center after a 12-h overnight fast for measurement of fasting and meal-induced metabolic and hormonal responses. Blood samples were collected from a heated forearm vein at 0700 (baseline), imme- Data are means Ϯ SD for 9 subjects, measured after an overnight fast. BMI, body mass index; HOMA-IR, homeostasis model assessment of insulin resistance; GLP-1, glucagon-like peptide 1; GIP, gastric inhibitory peptide. P value is for the effect of time after gastric bypass surgery.
diately after completion of a meal, and every subsequent hour for 4 h. The meal was a standardized 250 kcal liquid mixed meal containing 40 g carbohydrates, 6 g fat, and 9 g protein (8 oz. Ensure; Abbott Nutrition, Columbus, OH) and was administered over a 20-min period. Preoperatively the meal was given orally (gastric). For the postoperative studies, subjects were randomized to receive the meals initially orally (jejunal) or via the gastrostomy tube (gastric) (Fig. 1 ). The mixed meal was then delivered through the alternate route the following day.
Surgical procedure. Subjects underwent either open or laparoscopic RYGB. A small (ϳ25 ml) gastric pouch was created and gastrointestinal continuity was established via a Roux-en-gastrojejunostomy. The vagus nerve trunks were preserved. A gastrostomy tube was placed in the excluded stomach fundus with external access through the abdominal wall. All gastrostomy tubes were removed following the last study (ϳ6 wk) with no adverse effects.
Sample collection and analysis. Blood was collected in chilled EDTA tubes and immediately centrifuged to separate plasma, which was stored at Ϫ80°C until analysis. Glucose was measured bedside via the glucose oxidase method using a Beckman glucose analyzer (Beckman Instruments, Fullerton, CA). The plasma designated for GLP-1 measurement was supplemented with aprotinin (1,000 KIU/ ml) and dipeptidyl peptidase-4 inhibitor (20 l/ml plasma; Millipore, St. Charles, MO). Plasma designated for acylated ghrelin measurement was acidified with 1 N hydrochloric acid (50 l/ml plasma) and treated with phenylmethanesulfonyl fluoride (0.1 mg/ml plasma). Plasma insulin, leptin, active GLP-1 (7-37 and 7-36 amide), and adiponectin were measured by multiplex immunoassays (Luminex xMAP, Millipore). Total and acylated ghrelin were determined by radioimmunoassay (Millipore). Plasma concentrations of total GIP were measured by enzyme-linked immunosorbent assay (Millipore).
Calculations. Whole-body insulin resistance was estimated using the insulin sensitivity index (ISI) composite as well as the homeostasis model assessment of insulin resistance (HOMA-IR). The ISI composite, or Matsuda index, takes into account liver insulin sensitivity (fasting glucose and insulin levels) as well as peripheral insulin sensitivity (glucose and insulin concentrations following the meal) (14) . HOMA-IR is derived from fasting glucose and insulin levels and was calculated by using the HOMA2 calculator based on Levy's nonlinear computer model (13) (available for download at www. dtu.ox.ac.uk/homa). Total area under the curve (AUC) and peak response level for each individual were calculated according to the trapezoidal rule via the program GraphPad Prism v5.02.
Statistical analyses. Data are presented as means Ϯ SD, except for data in graphs, which are means Ϯ SE. Linear mixed-effects models were used to test the effect of time post-RYGB and feeding route (oral vs. gastrostomy tube) on outcome measures. Analyses were performed by use of SPSS 18 statistical software. 
RESULTS

Body weight and fasting metabolic parameters after RYGB.
Body weight and body mass index both decreased by ϳ12.5% over the 6-wk study period (both P Ͻ 0.0001) ( Table 1) . Average weight lost was 1.4 Ϯ 5.3 kg during the first postoperative week and 18.8 Ϯ 7.2 kg at 6 wk. Fasting plasma glucose (P Ͻ 0.0001) and insulin (P ϭ 0.058) also improved over time. This led to improvements in insulin resistance (ϳ34%), as determined by HOMA-IR, which was evident by the first week post-RYGB and sustained throughout the 6-wk study (P ϭ 0.046). Fasting levels of GLP-1 remained consistent at all study time points (P ϭ 0.726), whereas GIP declined slightly within the first week, with no further variation (P ϭ 0.130). Fasting concentrations of acyl ghrelin decreased over time after RYGB (P ϭ 0.017), whereas the decrease in total ghrelin levels did not achieve significance (P ϭ 0.348). Two measured adipokines displayed disparate trends early after RYGB; fasting leptin decreased within the first week with subsequent stabilization (P ϭ 0.017), whereas fasting adiponectin remained at preoperative levels at all post-RYGB time points (P ϭ 0.348).
Glucose and insulin responses to a jejunal and gastric delivery of a mixed meal after RYGB. Jejunal delivery of a mixed meal after RYGB was associated with more rapid increases in plasma glucose levels during the first week and persisted through the 6-wk study period compared with gastric delivery (Fig. 2, A and B) . The disappearance of plasma glucose was more rapid following RYGB for both delivery routes (Fig. 2, A and B) . The glucose AUC improved over time after RYGB (P Ͻ 0.0001), with no effect of delivery route over time (P ϭ 0.084) ( Table 2 ). Peak levels of glucose attained after the mixed meal did not change over time (P ϭ 0.070) ( Table 2) . Compared with baseline, jejunal but not gastric feeding resulted in a more rapid increase in plasma insulin; however, both routes were associated with a more rapid decline to fasting levels (Fig.  2, C and D) . As such, the insulin AUC was decreased over the 6 wk following RYGB (P ϭ 0.018), with no route ϫ time interaction detected (P ϭ 0.932) ( Table 2 ). Peak levels of insulin attained after the mixed meal did not change over time (P ϭ 0.981) ( Table 2) .
Incretin responses to a jejunal and gastric delivery of a mixed meal after RYGB. The GLP-1 (active form) response to a mixed meal was absent preoperatively and restored postoperatively by both jejunal and gastric feeding routes (Fig. 3, A  and B) . The GLP-1 AUC and peak GLP-1 levels both increased over time (P ϭ 0.006 and P Ͻ 0.0001, respectively), without Data are means Ϯ SD for 9 subjects. AUC, area under the curve; AG, acyl ghrelin; TG, total ghrelin; P values are for the effects of time (T) after gastric bypass surgery, route (R) of meal administration (duodenal vs. jejunal), and the interaction between route and time (R ϫ T).
any effect of feeding route over time (P ϭ 0.840 and 0.249, respectively) ( Table 2) . GIP reached peak concentrations earlier and diminished more rapidly after RYGB with jejunal but not gastric feeding (Fig. 3, C and D) . There was no change in GIP AUC or peak levels after RYGB (P ϭ 0.819 and 0.231) ( Table 2 ). To determine whether insulin release was altered in relationship to GLP-1 or GIP after RYGB or by feeding route, we calculated the ratio of the AUCs. The insulin AUC-to-GLP-1 AUC ratio (insulin AUC:GLP-1 AUC) decreased by ϳ60% after RYGB (P ϭ 0.001), and there was no effect of feeding route (P ϭ 0.696) or route ϫ time interaction (P ϭ 0.937) (Fig. 4A) . Similar to GLP-1, the insulin AUC-to-GIP AUC ratio (insulin AUC:GIP AUC) decreased after surgery (ϳ45%, P ϭ 0.061) and did not vary by feeding route over time (P ϭ 0.646) (Fig. 4B) . Ghrelin responses to a jejunal and gastric delivery of a mixed meal after RYGB. The AUC and peak levels of acyl ghrelin in response to a meal declined after RYGB (P ϭ 0.001 and 0.002, respectively) without a route ϫ time interaction (P ϭ 0.571 and 0.537, respectively) ( Table 2) ; this is reflective of the decrease in fasting acyl ghrelin levels after RYGB since acyl ghrelin did not fluctuate in the 4 h after the meal (Supplementary Fig. S1 ; the online version of this article contains supplemental data). There was no decline in total ghrelin AUC (P ϭ 0.120) and peak levels (P ϭ 0.110) with no effect of delivery route over time (P ϭ 0.691 and 0.866, respectively) ( Table 2 ) and, similar to acyl ghrelin, a maintenance of fasting levels for 4 h after the mixed meal (Supplementary Fig. S1 ).
Insulin sensitivity after RYGB. We estimated whole-body insulin sensitivity by calculating the ISI composite from the mixed meal preoperatively and delivered to the jejunum and duodenum postoperatively. Insulin sensitivity increased approximately twofold in the 6 wk following gastric bypass (P ϭ 0.001), but there was no effect of route (P ϭ 0.902) or route ϫ time interaction (P ϭ 0.819) (Fig. 5) .
DISCUSSION
RYGB achieves weight loss through restriction of nutrient intake and nutrient malabsorption. The latter is achieved by surgical bypass of the duodenum and proximal jejunum, al- Fig. 3 . Time course of active glucagon-like peptide 1 (GLP-1; A and B) and gastric inhibitory peptide (GIP; C and D) levels after jejunal (A and C) or gastric (B and D) delivery of a liquid mixed meal preoperatively and at 1 and 6 wk after RYGB. Preoperative mixed meal delivery was oral (gastric) and is displayed on all graphs. Gastric delivery after RYGB was via a gastrostomy tube in the stomach fundus allowing nutrient contact with the bypassed foregut. Data are means of 9 subjects Ϯ SE.
lowing direct transport of nutrients from the stomach to the midjejunum. An ancillary result of the surgery is an alteration in pancreatic and gastrointestinal hormone secretions, particularly GLP-1 and GIP (1), which may aid in postprandial glucose control by enhancing insulin release. To explore the role of the foregut in glucose tolerance and insulin resistance in humans, we utilized a unique model in which we introduced a mixed meal post-RYGB via a gastrostomy tube placed intraoperatively in the stomach fundus. This model has several advantages but also has inherent limitations. This procedure allowed us to evaluate the presurgical exposure to food (i.e., duodenum and proximal jejunum) under the conditions of postsurgical caloric restriction (first week) and subsequent weight loss (6 wk). Food delivery through the gastrostomy tube simulates presurgical oral nutrient intake, albeit without the involvement of the cephalic phase and lack of contact with a significant portion (usually 100 -150 cm) of proximal jejunum that forms the Roux limb. These aspects of gastrostomy tube delivery could reduce nutrient transit time compared with the oral route. Furthermore, a single food bolus administered via the gastrostomy tube may not fully exclude changes that occur when the foregut is exposed to daily nutrients. However, a recent study in a rodent model of RYGB suggests that intestinal adaptation occurred mostly in regions that were stimulated by nutrients postsurgery (30) . Despite these limitations, the findings of the present study provide some insight on the potential role of the foregut and incretins in the improvements in insulin sensitivity observed in the first 6 wk following RYGB.
Based on studies carried out in rats comparing duodenaljejunal bypass to gastrojejunostomy, Rubino et al. (25) contend that the exclusion of the proximal small intestine from nutrient exposure rather than the rapid delivery of nutrients to the distal small intestine is responsible for improved glucose tolerance after RYGB. A recent study by Kindel et al. (8) , however, failed to show an effect of duodenal-jejunal bypass on insulin sensitivity. Unfortunately incretin responses were not measured in these studies (8, 25) . Wang et al. (33) reported that in rats transposition of a small segment of ileum to the proximal jejunum was equivalent to duodenal-jejunal bypass in controlling glucose, possibly because ileal transposition resulted in more pronounced increase in GLP-1 secretion. Thus the possibility remains that the foregut and hindgut hypotheses of metabolic improvement after RYGB are not mutually exclusive, and both aspects of the surgery provide benefit. In the present study, both jejunal and gastric postoperative delivery of the mixed meal restored the aberrant preoperative GLP-1 response. These findings are suggestive of more responsive L cells, located primarily in the distal ileum and proximal colon, to the rapid delivery of nutrients to the distal small intestine with both administration routes.
Jejunal delivery of the mixed meal post-RYGB was associated with earlier peak levels of GIP, whereas the GIP response to gastric delivery was almost identical to those observed in the preoperative period. The reasons for the Fig. 4 . Relative insulin and incretin release after a mixed meal delivered to the stomach () or jejunum (□). A: ratio of insulin area under the curve (AUC) to GLP-1 AUC. B: ratio of insulin AUC to GIP AUC. Data are means of 9 subjects Ϯ SE. There is an effect of time after gastric bypass on insulin-to-GLP-1 ratio (P Ͻ 0.001), and the effect on insulin-to-GIP ratio was marginal (P ϭ 0.061). No effect of route (P ϭ 0.696 and 0.806) or route ϫ time interaction (P ϭ 0.937 and 0.646) was detected. Fig. 5 . Insulin sensitivity assessed from a mixed-meal tolerance test delivered to the stomach () or jejunum (□). Whole-body insulin sensitivity was estimated by calculating the composite (Matsuda) insulin sensitivity index (ISI). Data are means of 9 subjects Ϯ SE. There is an effect of time after gastric bypass on insulin sensitivity (P ϭ 0.001), but no effect of route (P ϭ 0.902) or route ϫ time interaction (P ϭ 0.819).
early rises in GIP following RYGB are not known, given that the K cells responsible for secreting GIP are primarily located in the bypassed duodenum and proximal jejunum; however, K cells are dispersed throughout the small intestine (18) . It is possible that the earlier exposure of the Roux-jejunal segment to nutrients, which also contains K cells, results in more rapid GIP release.
In response to a mixed meal, both glucose tolerance and postprandial hyperinsulinemia improved in the first 6 wk after RYGB, which was associated with an improvement in insulin sensitivity. Interestingly, delivery of nutrients to the jejunum or stomach in the immediate postoperative period resulted in similar improvements in glucose tolerance and insulin sensitivity. These data argue against bypass of nutrient exposure to the foregut as a primary mechanism in immediate improvements in glucose tolerance following RYGB. Interestingly, despite the greater response in GLP-1 after surgery, the insulin AUC:GLP-1 AUC declined after RYGB, indicating that the increased GLP-1 release was not associated with an increased insulin release. These observations challenge the hypothesis that the improved insulin responses following RYGB are attributed to enhanced GLP-1 and the known insulinotropic role of GLP-1 (22) . In fact, the insulin AUC:GLP-1 AUCs were similarly reduced following RYGB by both feeding routes. Similar to GLP-1, the insulin AUC:GIP AUCs also declined after RYGB, minimizing a role for increased GIP release in enhancing insulin release. Our recent data support caloric restriction as an important mediator of early improvements in insulin resistance after RYGB (6) .
Two recent independent case reports comparing oral and gastroduodenal feeding routes in patients at 5 wk (4) and 3 yr (15) post-RYGB found a more exaggerated GLP-1 and insulin response with oral feeding. The patient in the later study, however, suffered from severe postprandial hypoglycemia and therefore may represent an extreme post-RYGB incretin response. Additionally, these studies measured total GLP-1, whereas we measured active GLP-1. Further studies including preoperative assessments are necessary to compare these case reports with the present report. In summary, our study comparing oral and gastrostomy tube feeding after RYGB suggests that exclusion of the foregut from nutrient exposure is not responsible for improved glucose tolerance and insulin sensitivity after RYGB. However, changes in the foregut response post-RYGB due to lack of nutrient exposure cannot be excluded, so additional studies using more than a single food bolus are necessary to consider this possibility. Our findings suggest that more rapid delivery of nutrients to the hindgut may be an important beneficial aspect of RYGB. In our study both meal delivery routes occurred with equivalent caloric intake and weight loss; thus further studies will be needed to isolate the contribution of caloric restriction and weight loss from rapid nutrient delivery to the hindgut on the improved glucose metabolism following RYGB.
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